Introduction
Antarctic krill, Euphausia superba, comprises the foundation of the foodweb in the Southern Ocean and is the target of a large fishery (Hewitt and Linen Low, 2000) . Recently, the total abundance of krill in the Scotia Sea was estimated from an international echosounder and net survey (CCAMLR 2000) to be 44.3 million metric tons (Mt; CV 11.4%) (Hewitt et al., 2002) . The new biomass estimate prompted the Antarctic Treaty's Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) to revise the precautionary catch level for krill in the area from 1.5 to 4 Mt (SC-CAMLR, 2000) .
The accuracy of the acoustic krill-biomass estimate depends on many components of the survey design and analysis such as the surveyed area, the species-identification algorithm, and the animal mass-versus-length model, but is largely dictated by the accuracy of the TS model (Demer, in press ). In a model developed by Greene et al. (1991) , TS is linearly related to the logarithm of the standard krill length (L; nearest mm distance from the anterior tip of the eyes to the posterior end of the uropods, excluding their terminal setae). It was derived from measurements of a variety of crustaceans but not Antarctic krill, at an acoustic frequency (f) of 420 kHz (Wiebe et al., 1990) . The de facto international standard frequency for surveying Antarctic krill is 120 kHz. The ratio of acoustic wave numbers (k Z 2pf/c) is used to transform the model to different f at a selected sound speed (c) (Greene et al., 1991) : TS f Z34:85 log 10 L ÿ 127:45C10 log 10 ÿ k f =k 120 kHz Á :
Using TS measurements of live Antarctic krill including caged aggregations , in situ individuals , and captive individuals (Pauly and Penrose, 1998) , the model was corroborated at 120 kHz for a small range of L SC-CAMLR, 1991) . Subsequently, CCAMLR provisionally adopted a 120 kHz version of the Greene et al. (1991) model as an international standard for estimating krill biomass (SC-CAMLR, 1991) .
Retrospectively, however, these TS data from caged and captive individuals suggested to Pauly and Penrose (1998) that the Greene et al. model may overestimate krill TS. also recognized that their in situ data could be positively biased due to scattering from multiple targets being misinterpreted as that from individuals; and a comprehensive study by Demer et al. (1999) strongly supported their earlier suspicion.
Motivated by TS measurements that were inconsistent with the Greene et al. model's predictions, others (Demer and Martin, 1995) emphasized changes in TS due to variations in animal shape, morphology, and orientation, for which the model does not take account. Moreover, the Greene et al. model was not intended for use in the Rayleigh-scattering regime (Greene et al., 1991) , because it is fundamentally inaccurate when the acoustic wavelength is much larger than the animal size (Demer, in press ). To improve upon the recognized limitations of the Greene et al. model, a physics-based model (DWBA) was proposed ) that predicts krill TS as a function of f, incidence angle of the acoustical wave (4), and animal length, shape, and material properties. The DWBA is based upon the coherent summation of scattering from cylindrical elements of a discretized bent cylinder (idealized krill shape). McGehee et al. proposed a generic krill shape based upon dimensions of krill that had been fasting for over six months. They noted, however, that Antarctic krill can have broadly varying shapes depending upon their feeding condition, gender, and maturity stage, and that krill sizes and target strengths should be measured from animals in their natural state. Nevertheless, the DWBA was empirically validated with TS measurements from the fasting krill at f Z 120 kHz near broadside incidence, but large disparities (5e20 dB) were observed between measurement and theory at other angles, with predicted scattering less than measurements . Thus, the importance of knowing the in situ distribution of krill orientations was underscored.
Possibly the best quantitative information about ex situ orientations of Antarctic krill come from studies of krill swimming in elaborate aquaria (Kils, 1981; Endo, 1993) . The normal distribution (N½ q; s:d:) of krill orientations relative to horizontal (q Z 90( ÿ 4) measured by Kils' (qZN½ qZ45:3(; s:d:Z30:4() was quite similar to that measured independently by Endo (qZN½ qZ45:6(; s:d:Z19:6(), but the latter distribution was narrower.
Qualitative in situ observations have been made by scuba divers (Hamner et al., 1983) , and more recently via underwater video with a sample image shown in Figure 1 . Hamner et al. (1983) observed that all individuals in a school assumed virtually the same orientation and usually swam horizontally at q ( 10(. In contrast, the video of swarming krill suggests that the krill assumed all orientations with equal probability (i.e. a uniform distribution). Perhaps, neither of these in situ observations are relevant to the behaviour of krill beneath a survey vessel moving at 10 knots.
Kils observed that krill swim backwards at q O 55(, hover at 50( % q % 55(, and swim forwards at q ! 50(, with lower angles corresponding to faster swimming speeds (Kils, 1981) . Moreover, Endo (1993) found that krill may also change their orientations depending upon their maturity stage. Comparing daytime and night-time observations of krill, Everson (1982) observed an 8.5 dB reduction in mean volume scattering which could be due to diel changes in krill-orientation distributions. It is therefore probable that their orientation distribution depends on their activity and condition (e.g. hovering while feeding; migrating up, down, or horizontally; swimming against a current to maintain a preferred position; or fleeing from a predator, diver, or survey vessel).
For the measurements in aquaria, the animals may not have behaved naturally because of their being confined and the lack of current. In the cases of in situ observations of krill swarms, the presence of divers and the video camera lights may have affected their behaviour. While a recent study indicates that a survey vessel did not affect the behaviour of krill , this possibility should still be considered, especially for krill residing near the sea surface. Therefore, in the context of acoustical surveys of krill abundance, it is important to know the orientation distribution of krill beneath a survey vessel. Unfortunately, there is no published information in this regard.
Solving the DWBA with Kils' orientation distribution (Kils, 1981) , expected values of krill TS were shown Figure 1 . Euphausia superba in a swarm observed in situ off Cape Shirreff, Livingston Island, Antarctica on 6 February 2000. A digital video camera was lowered into a krill swarm at about 70-m depth and the orientation angles of the krill were qualitatively observed. The krill did not exhibit coordinated movements and assumed all orientation angles. The camera lights may have altered the krill's natural behaviour. In this case, q Z 44.6( or 4 Z 45.4(. to be 6e8 dB lower than those predicted by the Greene et al. model and in situ TS measurements of krill . Use of these TS would increase current krill-biomass estimates by a factor of 4e6. Solving the DWBA with Endo's orientation distribution would result in an even larger negative disparity in TS and larger increases in biomass estimates. For TS predictions to approach in situ measurements, the DWBA must be solved with an improbably narrow distribution of krill orientations centred on normal incidence (q Z N[0(, w3(]), irrespective of the model's inaccuracies off the main scattering lobe.
The disparities between theory and measurements were explained (Demer and Conti, 2003a, b ) using a new model (Stochastic DWBA or SDWBA) that accounts for the stochastic nature of sound scattering, noise, and flexure in the animal's body as it swims. The SDWBA model was corroborated (Demer and Conti, 2003b; Demer and Conti, 2004 ) using a new technique (De Rosny and Roux, 2001 ) that permits good measurement accuracy and precision . Broad-bandwidth measurements were made of sound scattering from live Antarctic krill having a large range of sizes (L w 20e50 mm). Solving the SDWBA model with a krill shape 40% fatter than the generic shape , based upon the relative dimensions of the measured krill to the generic krill shape (Demer and Conti, 2004) , the rms difference between the model predictions and the scattering measurements was less than 0.2 dB over the frequencies from 60 to 202 kHz. The measurements at lower frequencies were slightly higher than theory and the discrepancies were attributed to noise.
Conversion of the broad-bandwidth measurements to an accurate prognosticator of krill TS requires knowledge of the in situ krill-orientation distribution beneath the survey vessel (Demer and Conti, 2003a) . To measure in situ krillorientation distributions that have spatio-temporal relevance to acoustic-survey analyses, multi-frequency and broad-bandwidth techniques have been proposed (Chu et al., 1993; Martin-Traykovski et al., 1998) . In these techniques, acoustic backscatter spectra are used to infer krill orientations from inversions of an accurate scattering model.
Methods
Using the krill length distributions measured during the CCAMLR 2000 survey and Kils' and Endo's krillorientation distributions, the SDWBA model was solved for the differences in volume-backscattering strengths (Sv) at 120 and 38 kHz. These probability density functions were then compared rather disappointingly to the Sv differences measured from RV ''Yuzhmorgeologiya'' during the CCAMLR 2000 survey (Figure 2) . A much better match between theory and the measurements was obtained using q Z N[15(, 5(], later referred to as the Demer and Conti distribution of krill orientations.
The SDWBA was then evaluated for a krill 40% fatter than the generic krill shape (McGehee et al., 1998) using 100 realizations of random phase (sd Z 0.7071 radian), averaged over the three orientation distributions (Demer and Conti, Kils, and Endo) , and compared to the Greene et al. model (Figure 3) .
For further validation of the new TS model, the SDWBA solutions were also plotted vs. kL and compared to the Greene et al. model and a variety of krill TS measurements (Figure 4) 
with coefficients and reference length (L o ) in Table 1 .
To verify the metric used in the initial CCAMLR 2000 data analysis for acoustically identifying E. superba (Hewitt et al., 2002) , Equation (2) was evaluated at 120 and 38 kHz vs. L, and the resulting functions were subtracted ( Figure 5 ). Then, substituting Equation (2) for the standard TS model (Greene et al., 1991; SC-CAMLR, 2000) , new krill-biomass estimates and their associated coefficients of variation were calculated as in Hewitt et al. (2002) , and tabulated for each of the three krill-orientation distributions and three survey frequencies (Table 2) .
Results
The Demer and Conti distribution of krill orientations (q Z [15(, 5(]) provides the best fit to the differences in Sv at 120 and 38 kHz measured during the CCAMLR 2000 survey (Figure 2) . Judging from an empirical characterization of krill swimming speeds vs. their orientations (Kils, 1981) , this distribution of orientations corresponds to krill swimming relatively horizontally and fast (on the order of 5e10 cm s ÿ1 or 2e3 body lengths per second). The SDWBA model solved with the Demer and Conti distribution of orientations predicts TS's that are consistently lower than for the Greene et al. model, but higher than those computed with the Kils and Endo distributions (Figure 3) . TS values lower than the Greene et al. model result in higher krill-biomass estimates.
For values of kL o from 0 to 50, the simplified SDWBA (Equation 2) has an rms error of 0.2 dB, and a maximum inaccuracy of 0.4 dB relative to the SDWBA (Figure 4 ). The differences between the TS predicted by the simplified SDWBA at 120 and 38 kHz vs. krill length provide a metric for acoustically identifying E. superba ( Figure 5 ). These (Demer and Conti, q Z N[15(, 5(]) , magenta; Kils (1981), q Z N[45.3(, 30.4(], blue; and Endo (1993), q Z N[45.6(, 19.6(], red) , and the Greene et al. model ( green) . Comparing the Greene et al. model with the SDWBA solved with the Demer and Conti orientation distribution, the differences between the TS predicted by the two models range from about 3 to 7 dB depending on the krill lengths. predictions are consistent with the method employed in the original analysis of the CCAMLR 2000 survey data. That is, E. superba are characterized by Sv 120 kHz ÿ Sv 38 kHz in the range of 2e16 dB (Hewitt et al., 2002) .
By replacing the Greene et al. model with the SDWBA TS model, the abundance of E. superba in the Scotia Sea is re-estimated here to be 109.4 Mt (CV Z 10.4%), 137.4 Mt (CV Z 10.8%), or 192.4 Mt (CV Z 11.7%), depending solely on the expected distribution of krill orientations (Demer and Conti, Kils, and Endo, respectively) .
Discussion
Use of the SDWBA TS model solved with the Demer and Conti distribution of orientations results in approximately equal biomass estimates at measurement frequencies of 38 and 120 kHz (107.1 Mt and 109.4 Mt, respectively), and the lowest coefficients of variations for biomass estimates at all frequencies. Estimated consumption rates of krill predators suggest that these estimates are realistic . Demer and Conti's, Kils' (1981) , and Endo's (1993) distributions of krill orientations. Exponential notation (*10 x ) is denoted by ''eCx''.
Equation (2) . Also plotted are krill TS data measured in situ with a split-beam, 120-kHz echosounder ; inferred from volume backscatter at 38 and 120 kHz from aggregations of krill ; measured from many individual live krill in a tank at 120 kHz (Pauly and Penrose, 1998) , and measured from two live animals over a broad-bandwidth (425e600 kHz) and averaged over the Demer and Conti orientation distribution. The in situ TS data may be biased high due to the likelihood of multiple targets being interpreted as individuals Demer et al., 1999) . While most of these empirical data do not explicitly account for krill-orientation distributions, they appear to invalidate the Greene et al. model at low kL and match the SDWBA model best at high kL.
Use of the SDWBA TS model solved with the Demer and Conti distribution of orientations results in a krillbiomass estimate at 200 kHz that is 55% higher than those at the lower frequencies. This, however, could be due to zooplankton or other species being misinterpreted as krill (Hewitt et al., 2003) using the two-frequency technique for species identification (Hewitt et al., 2002; Watkins and Brierley, 2003) . Figures 2 and 5 indicate that all of sound scatter from E. superba matched the criteria, 2 dB % Sv 120 kHz ÿ Sv 38 kHz % 16 dB, and was therefore Table 2 . Conversion factors (C.F.) for converting integrated echo energy to krill biomass (Hewitt and Demer, 1993) resulting from the Greene et al. and SDWBA TS models, the associated krill-biomass estimates, and their coefficients of variation (CV). Using RMT8 net samples, three clusters of krill-length frequency distributions were identified for different portions of the CCAMLR 2000 survey area (Hewitt et al., 2002) . Cluster 1 is a narrow length distribution centred at 26 mm (small krill); Cluster 2 is a broad and somewhat bi-modal length distribution peaking at 46 mm (mixed sizes); and Cluster 3 is a positively-skewed length distribution centred at 52 mm (large krill). Here, the biomass estimate for the Greene et al. model Figure 5 . (a) The SDWBA TS model solved with the Demer and Conti distribution of krill orientations and two commonly used echosounder-survey frequencies (38 kHz, dashed line; and 120 kHz, dotted line); and (b) the differences in these predicted TS vs. standard krill length (L). The relative sound scatter at these two frequencies is used to acoustically identify krill (Hewitt et al., 2002) . The SDWBA model predictions are consistent with expectations that E. superba are characterized by differences in Sv at 120 and 38 kHz ranging from 2 to 16 dB (Hewitt et al., 2002). attributed to krill. However, it is likely that some sound scatter from other species was erroneously included, mostly in the 200-kHz measurements, resulting in a significant positive bias at that frequency (see Hewitt et al., 2003) .
Relative to 38 and 120 kHz (wavelengths 39.5 and 12.5 mm, respectively), sound scatter from animals smaller than E. superba is most appreciable at 200 kHz (wavelength 7.5 mm). The Demer and Conti distribution of orientations indicates that krill are most often oriented near horizontally and swimming quickly. This may characterize the average of multiple natural behaviours varying over the surveyed space and time, or an observation of krill's routine efforts to avoid the surveying vessel, or a combination of the two. If krill do avoid the survey vessel, or if echo energy from krill is otherwise excluded from the analysis, the acoustically estimated krill biomass can have an appreciable negative bias.
Besides the accuracy of the TS model, the estimated orientation distribution for krill beneath survey vessels, and possible avoidance behaviour, there are other potential components of measurement bias (Demer, in press ). In particular, more research is needed on improved techniques for identifying and separating the echo energy from krill and coincident sound scatterers, the model of krill massversus-length, and the survey area presumed to include the stock. Such efforts to continually improve the method and to quantify the measurement uncertainty have made acoustical-survey data invaluable for fisheries research and management.
Conclusion
The CCAMLR 2000 survey results (Hewitt et al., 2002) were based on the total echo energy attributed to krill, scaled by the Greene et al. (1991) model of krill TS. There is now a large body of evidence indicating that this krill TS model should be updated and a new standard adopted. The candidate SDWBA TS model (Demer and Conti, 2003a, b, 2004) solved with the Demer and Conti distribution of in situ orientations (q Z [15(, 5(]) leads to a krill-biomass estimate of 109.4 Mt (CV Z 10.4%), which is nearly 2.5 times the previous estimate of 44.3 Mt (CV Z 11.4%). Therefore, revisions of the CCAMLR 2000 biomass estimate and the associated precautionary catch level for krill in the Scotia Sea may be warranted.
